Introduction
Sucrose is the main product of photosynthesis, which provides carbon and energy for plant growth and development, as well as for the synthesis of complex carbohydrates and storage reserves. Sucrose can also act as a signal molecule in the regulation of flowering (Chincinska et al. 2008; King and Ben-Tal 2001; Sivitz et al. 2007) , tuberization (Chincinska et al. 2008) , seed development (Iraqi and Tremblay 2001; Weschke et al. 2000) , differentiation of vascular tissues (Uggla et al. 2001) , and the expression levels of various genes in plants (Ciereszko et al. 2001; Sivitz et al. 2008; Vaughn et al. 2002) . Besides, sucrose has been shown to be involved in plant resistance to various abiotic stresses. For instance, phosphate (Pi) starvation induced the biosynthesis of sucrose in plant leaves, and promoted the sucrose uploading into the phloem (Karthikeyan et al. 2007) . Moreover, plants accumulated more sucrose under drought or salinity stress to maintain the normal functions of cells (Bethke et al. 2009; Hoffmann 2010; Pommerrenig et al. 2007) .
Sucrose is the dominant form of carbohydrates for the long-distance transport in higher plants. Sucrose transporters (SUTs) are well known protein complex to control the sucrose distribution in plants via regulating the phloem uploading from the source tissues and the unloading into the sink tissues. SUTs were also proved to be involved in regulating many plant developmental processes, such as pollen germination (Sivitz et al. 2008) , flowering (Sivitz et al. 2007) , tuberization (Chincinska et al. 2008) , restraining plant growth (Srivastava et al. 2009 ), fruit size reduction (Hackel et al. 2006 ), seed development (Weschke et al. 2000) , biomass partitioning (Payyavula et al. 2011), and ethylene biosynthesis (Chincinska et al. 2013) . Moreover, SUTs were found to promote the sucrose transport in plants under Pi starvation (Hammond and White 2008; Lei et al. 2011) , salinity (Gong et al. 2013; Noiraud et al. 2000) , and drought stresses (Gong et al. 2015) .
In plants, the SUTs are encoded by a multi-gene family. The SUT family has been characterized in many plant species, including rice (Aoki et al. 2003) , grapevine (Li et al. 2014) , maize (Usha et al. 2015) , and sugarcane (Zhang et al. 2016) . The molecular characteristics, structures, and phylogeny of plant SUTs have been well studied and reviewed (Geiger 2011; Peng et al. 2014; Sauer 2007) .
SUTs contain 12 transmembrane spanning helices, and belong to the major facilitator super-family (MFS) (Marger and Saier 1993; Stolz et al. 1999) . The SUT families were recently reported to evolve from two different ancestor genes (named AG1 and AG2), but could be classified into four phylogenetic groups (Peng et al. 2014) . Plant SUTs in the AG1 and AG2 group harbored 5 and 13 introns, respectively, except for the intronless SUTs in moss (Peng et al. 2014 ). The expression patterns of different
coat during the ripening stage (Li et al. 2014) .
Tobacco is an important model plant for the researches in plant science, and is also of important agricultural and economic value worldwide. There were only three SUTs genes, which have been identified from the tobacco genome so far (Burkle et al. 1998; Lemoine et al. 1999; Okubo-Kurihara et al. 2011) . In this study, we identified all the members of the tobacco SUT family, and characterized their molecular characteristics, structures, phylogeny, and expression profiles. Our findings will provide a foundation for further functional studies of SUTs in tobacco, and contribute to elucidate SUT roles in plant responses to various stresses.
Materials and methods

Plant materials and treatments
Seeds of the tobacco variety Honghua Dajinyuan (N. tabacum L.) were germinated and maintained in plastic pots placed in the green house with 28 °C for 16 h light / 23 °C for 8 h dark cycles. After two months, tobacco plantlets with 6-7 true leaves were either transferred to open fields for continuing growing or used for stress treatment. The plant roots, stems, leaves, buds, sepals, stamens, pistils, and capsules were collected at flowering stage. The leaf vein, blade tip, blade middle and blade root of the tenth leaves were collected, separately. Leaves, stems and roots from different developmental stages were also collected for analyzing gene temporal expression patterns.
For the salinity and Pi starvation treatment, seedlings at the six-leaf stage were transported to a plastic container containing half-strength MS nutrient liquid medium with 300 mM NaCl or replacing KH 2 PO4 with K 2 SO4 apart. Drought stress was induced by withholding water and allowing the water in the soil to drain out. After treatment, tobacco tissues were harvested and immediately submerged in liquid nitrogen, stored at -80 °C and used for total RNA extraction.
Identification and sequence analysis of tobacco SUTs
Putative tobacco SUT genes were screened from the China tobacco genome database v4.0 with a series of blastp and blastn using the AtSUT sequences. All the reliable SUT genes in the tobacco genome were finally identified via multiple sequence alignments, and conserved domain and motif analyses. The genomic DNA sequences and the coding sequences were subsequently verified by cloning and sequencing. The SMART web tool was used to identify the MFS domain (http://smart.embl-heidelberg.de/) (Letunic and Bork 2018) . Motif analysis of putative SUT protein sequences was firstly conducted with the mutiple EM (http://meme-suite.org/) for motif elicitation program (Bailey et al. 2009) , and the InterPro database (http://www.ebi.ac.uk/interpro/) was then used to check the identified motifs and find their detailed signature matches (Hunter et al. 2009 ). The chromosomal location image for NtSUTs was obtained according to the chromosomal position information from the database with the MapInsect software. Multiple alignments of the SUT sequences were performed using the programs DNAMAN (version 6.0) and Clustal X (version 1.83) with default gap penalties (Larkin et al. 2007 ). The software MEGA 5.2.1 was used to construct a phylogenetic tree with the deduced SUT amino acid sequences using the maximum-likelihood algorithm (Sohpal (Hu et al. 2015) .
cDNA sample preparation and gene transcription level analysis
Total RNA was isolated using a Superpure Plantpoly RNA Kit (Gene Answer, Beijing, China). DNase I (Gene Answer) was applied to remove genomic DNA contaminants during the extraction process. tomentosiformis genome, respectively. The genomic DNA sequences, coding sequences, and amino acid sequences of these tobacco SUT genes were listed in the Table S2 . Putative polypeptides of the tobacco SUTs harbored 366 to 605 amino acids, with molecular weights between 39.79 and 65.13 kDa (predicted 6.13-9.43 in isoelectric points). The tobacco SUTs genes could be divided into five groups according to their sequence identities (Table 2) , which were further designated as SUT1-5 based on their sequence similarities with the previously published SUT sequences. Sequence identities showed that the NtSUT gene was either close to the Nsyl gene or close to the Ntom gene, so we designated them as NtSUTs or NtSUTt, separately (Table 3 ). It's worth noting that there was no gene encoding SUT1 in the N. tomentosiformis genome, and no NtSUT3t gene in the N. tabacum genome.
However, there were two genes encoding the NtSUT4s (Ntab0332220/NtSUT4sa, Ntab0245750/NtSUT4sb) and NtSUT5s (Ntab0067760/NtSUT5sa, Ntab0158640/ NtSUT5sb) (Table 3) . So it could be inferred that there were gene duplications or losses occurring to the SUT family in the N. tabacum and N. tomentosiformis genomes. As shown in Fig. 1 , 10 NtSUTs were distributed in seven chromosomes, and the NtSUT1tgene was distributed in the scaffold of Ntab_scaffold_339. NtSUT4sa, NtSUT4sb, NtSUT5sa, and NtSUT5sb were located on four different chromosomes, suggesting chromosome exchange might have occurred after the duplication event during the formation of the tetraploid genome.
Structural and phylogenetic analysis of tobacco SUTs
Domain analysis showed that all tobacco SUTs had two highly conserved MFS domains (Fig. 2) , except NtomSUT4. Multiple sequence alignments revealed that there was one highly conserved histidine residue located on the first extracellular loop, and one (R/K)X2/3(R/K) motif in both the second and eighth loop (Fig. 2) . The tobacco SUT4 and SUT5 had the conserved LX2LL motif in the N termini, while the SUT2 contained 15-20% more amino acids, leading to the formation of an enlarged cytoplasmic loop (about 60 amino acids) in the N termini. In summary, all the highly conserved motifs found in the tobacco SUTs supported the fact that all the tobacco SUT genes identified in this study could encode functional SUT proteins.
Phylogenetic analysis showed that plant SUTs fell well into four clades (Fig. 3) , named as SUT Ⅰ-Ⅳ. The SUT genes in the SUT Ⅰ group contained 2 to 5 introns, while most genes in the SUT Ⅳ group had 4 introns. However, the SUT genes in the SUT Ⅱ and SUT Ⅲ groups possessed much more introns. Most genes in the SUT Ⅱ group had 13 introns, while the intron numbers of the SUT genes in the SUT Ⅲ group varied from 9 to 13. The tobacco SUT1 and SUT3 belonged to the SUT Ⅰ clade (Fig.   3 ), while the tobacco SUT2, SUT4&5 belonged to the SUT Ⅱ and SUT Ⅳ clade, respectively. There were 13 introns in the tobacco SUT2 genes, 5 in the SUT3 genes, and 4 in the other tobacco SUT genes. The gene structures of tobacco SUT genes were highly conserved among the allotetraploid tobacco and its two diploid progenitors (Fig. S1 ).
Expression patterns of tobacco SUT genes
To further clarify the roles of each NtSUT, we detected the relative expression levels of the NtSUTs genes in different tobacco tissues by qRT-PCR. As shown in Fig. 4A , the transcript of all the NtSUTs genes was most abundant in the roots, which actually was at least more than 2-folds higher than those in any other tissues. Pistils harbored the lowest transcription level of the NtSUTs genes, indicating a weak sucrose demand in this tissue. The expression level of the NtSUT2s gene was dominant in the roots, stems, buds, sepals, stamen and pistils, whereas in the capsule and seeds the dominant gene was NtSUT4s. In the leaves, the NtSUT1 and NtSUT4 showed higher expression levels than the other NtSUT genes. The NtSUT4s gene was mainly expressed in the leaf vein, while the two NtSUT1 genes were highly expressed in the leaf vein, blade tip, blade middle, and blade root (Fig. 4B) . The transcripts of NtSUT4, NtSUT5s and NtSUT2s genes in the roots were highly up-regulated at the bud and flowering stage, but sharply down-regulated at the topping stage (Fig. 4C) .
However, the transcriptions of these NtSUTs gene were highly induced in the leaves at the topping stage (Fig. 4D) . Moreover, the expression levels of the two NtSUT1 genes were dramatically up-regulated in the maturing leaves, indicating that these two genes might play important roles in sucrose transportation during leaves maturation. The transcript of the NtSUT3s and NtSUT2t genes could hardly be detected in all the tissues examined (Fig. 4) .
We further detected the expression patterns of the SUT genes in the two diploid parental tobacco species. In the N. sylvestris plants, the NsylSUT2 gene was ubiquitously highly expressed in the leaves and roots, while the NsylSUT1 and NsylSUT4 genes were specifically highly expressed in the roots (Fig. 5A) . The expression levels of other NsylSUT genes were quite low in the tissues examined. In the N. tomentosiformis plants, the dominantly expressed gene in the leaves was the NtomSUT5 gene (Fig. 5B) , but the NtomSUT2, NtomSUT4 and NtomSUT5 genes showed high expression levels in the roots.
Differential expression patterns of the NtSUT genes in response to abiotic stresses
To investigate the possible roles of the NtSUTs in plant responses to abiotic stresses, we measured their transcript levels under Pi starvation, drought, and salinity stresses ( Fig. 6 & Table S4 ). When tobacco seedlings suffered Pi starvation, the transcripts of the NtSUT genes were greatly induced at 48h after treatment, and this induction mainly occurred in the stems (Fig. 6A-C) . The expression levels of the NtSUT2t, NtSUT4, and NtSUT5s genes increased by more than 20 folds in the stems under Pi starvation, whereas in the roots and leaves their expression levels just showed slight increase. The expression patterns of the NtSUT genes varied among different plant tissues under drought treatment. As shown in Fig. 6D , the expression of most NtSUT genes in the roots seemed unaffected by the drought stress, except the NtSUT2t gene, which was up-regulated by more than five folds at 2d and 8d. In contrast, the expression of most NtSUT genes in the stems was induced by the drought treatment (Fig. 6E ). For instance, the expression levels of the NtSUT3s, NtSUT1s, NtSUT2t, NtSUT4 and NtSUT5s genes in the stems were up-regulated at 2d, but slightly decreased at 4d, and then increased again at 8d. Moreover, the expression levels of most NtSUTs genes were repressed in the leaves at 2d, and then gradually increased at 4d and 8d (Fig. 6F) . In addition, the transcript levels of NtSUT3s, NtSUT4 and NtSUT5s were highly up-regulated in both the stems and leaves at 8d, indicating an important role of these four genes in plant response to drought stress.
The expression levels of the NtSUT genes showed drastic changes under salinity stress. In the roots, the transcript levels of the NtSUT3s and NtSUT4 genes dramatically increased by about 120 folds at 12h under salinity stress, and then sharply decreased to the control level at 24h (Fig. 6G) . The expression level of the NtSUT2t gene also greatly increased (about 50 folds) in the roots at 12h and 48h.
There was no significant changes occurred to the expression levels of all the NtSUT genes in the stems, except that of the NtSUT4s gene, which was clearly up-regulated at 6h (Fig. 6H) . Surprisingly, the expression patterns of the NtSUTs genes in the leaves could be divided into two groups under salinity stress. In detail, the expression levels of the NtSUT2s, NtSUT5t and NtSUT1 genes were suppressed along with the salinity treatment, but those of the NtSUT3s, NtSUT5s and NtSUT4 genes were up-regulated at the same time (Fig. 6I) . the functional study of the tobacco sucrose transporters.
Evolutionary of tobacco SUT genes
Plant SUT genes showed a great variation in the intron numbers, ranging from 0 to 14. Moreover, the descendant plant SUTs originated from the progenitor AG1 usually comprised less introns than those derived from the ancestor AG2. From the analyses of exon-intron structure within the Solanaceae species, the 64bp-and 44bp-exon ubiquitously existed in all the Solanaceae SUT genes except LeSUT1.
LeSUT1 had a larger exon, which might originate from the fusion of the 64bp-and 44bp-exon. These results suggested that Solanaceae SUTs gene structures might have formed before the divergence of the Solanaceae species.
In the phylogenetic analysis, plant SUTs were divided into four distinct groups, which were considered to be evolved from two ancient ancestors AG1 and AG2. This was consistent with the previous studies (Doidy et al. 2012; Payyavula et al. 2011 ). In tobacco, only the NtSUT2 gene was classed to the ancestor AG2. The remaining four genes shared the same ancestor AG1, supporting the hypothesis that AG1 was preferentially expanded in the eudicots (Peng et al. 2014 ). In the AG1 group, the four tobacco SUT genes were clearly divided into two subgroups. NtSUT1 and NtSUT5 clustered together to the SUT1 subfamily, while NtSUT3 and NtSUT4 were the members of the SUT4 subfamily. However, these two subgroups of tobacco SUTs were more close to those of Solanum lycopersicum and Solanum tuberosum in the phylogenetic tree. And this situation also occurred to the NtSUT2 gene indicating that the generation of these three subgroups occurred before the divergence of Solanaceae.
Comparison of the SUT expression patterns among three tobacco species
The N. tabacum is believed to be developed from the interspecific hybridization of two diploid ancestors N. sylvestris and N. tomentosiformis (Gazdova et al. 1995; Kenton et al. 1993) . Polyploidization occurred to the hybridized genome, which gave rise to the allotetraploid common tobacco. After duplication, the fate of the homeologous genes might be conservation or redundancy, non-functionalization, subfunctionalization, and neofunctionalization (Hahn 2009; Rastogi and Liberles 2005) . Analysis of gene expression patterns can provide an insightful indication of gene functions. In general, the NtSUTs originated from the N. sylvestris seemed more active in the common tobacco, and the expression patterns of the SUT genes in the common tobacco were more close to those in the N. sylvestris plants. For instance, the transcripts of NtSUT2s, NtSUT4s, and NtSUT5s genes could be detected in the tobacco leaves or roots, but only NtSUT4t gene was found to be expressed in the leaves and roots (Fig. 4A, B) . Similarly, the NsylSUT2 gene showed high expression levels in both the leaves and roots, while the NsylSUT4 and NsylSUT1 genes were mainly expressed in the roots (Fig. 5A, B) . Although he Ntom5 gene was dominantly expressed in the N. tomentosiformis leaves (Fig. 5A) , the expression of NtSUT5t gene could hardly be detected in the leaves (Fig. 4B ). It's worth pointing that the expression levels of the NtSUT4, NtSUT5s and NtSUT2s genes greatly increased in the roots when the inflorescence tissues emerged at the bud and flowering stages, but sharply decreased when the inflorescence tissues were removed at the topping stage (Fig. 4C) . It has been reported that improving the root development in the rice at the flowering stage could be a key factor to obtain higher grain yield and good agronomic performance (He et al. 2014) . Thus it could be inferred that the high expression levels of the NtSUTs genes in the roots at the bud and flowering stages might be determined by the development of the inflorescence tissues.
Multifunction analysis of tobacco NtSUT genes
When plant suffered drought and salinity stresses, the roots were the major tissues, which sensed and responded to these stresses. So in theory, more sucrose should be transported to the roots, and the expression levels of the NtSUTs genes should be up-regulated in the roots under drought and salinity stresses. But the fact was that the expression levels of the NtSUTs gens in the roots under drought treatment were similar to (or even lower than) those in the control roots (Fig. 6D) .At the same time, the expression levels of the NtSUTs genes were highly up-regulated in the stems under drought treatment. Therefore, it could be concluded that the NtSUTs should be multifunctional under abiotic stresses other than sucrose transport. The expression levels of the NtSUT4 genes were drastically up-regulated under the abiotic stresses, while those of the NtSUT2s gene were hardly affected, indicating that there were functional redundancy and differentiation among NtSUTs. Moreover, the expression levels of NtSUT3s and NtSUT2t could hardly be detected in all the tissues from various developmental stages. However, the transcripts of these two genes was F o r R e v i e w O n l y 
